Chemical process industries are currently facing the economic squeeze. Global demand for oils and chemical products is low, revenue has fallen quickly and economic downturn has reduced the availability of financing for working capital and investment. This cut throat competition and shrinking profit margin forced the process industries to introspect critically the new investment decision. Shell and tube heat exchangers (STHE) are the most common type of thermal equipment employed in chemical process Industries and contribute a major portion of capital investment in new projects. Because of their sheer large numbers in any chemical plants, small improvements in STHE design strategies offer big saving opportu-nities. Designers of STHE normally keep a design margin to accommodate any uncertainties in design calculations and to ensure that the heat exchanger deliver its services in actual shop floor. The need of the hour is to reduce the investment cost of STHE by trimming down the fat in design through more efficient design strategies. The classical approach to STHE design involves a significant amount of trial-and-error because an acceptable design needs to satisfy a number of constraints (e.g., fouling allowance and allowable pressure drops). Computer software marketed by companies such as Heat Transfer Research, Inc. (HTRI), and Heat Transfer and Fluid Flow Service (HTFS) are used extensively in the thermal design and rating of heat exchangers. These packages incorporate various design options for the heat exchangers including the variations in the tube diameter, tube pitch, shell type, number of tube passes, baffle spacing, baffle cut, etc. Typically, a designer chooses va-rious geometrical parameters such as tube length, shell diameter and the baffle spacing based on experience to arrive at a possible design. If the design does not satisfy the constraints, a new set of geometrical parameters must be chosen to check if there is any possibility of reducing the heat transfer area while satisfying the constraints. Although well proven, this kind of approach is time consuming and may not lead to cost effective design as no cost criteria are explicitly accounted for. Since several discrete combinations of the design configurations are possible, the designer needs an efficient strategy to quickly locate the design configuration having the minimum heat exchanger cost. Thus the optimal design of heat exchanger can be posed as a large scale, discrete, combinatorial optimization problem [1] .
In literature, attempts to automate and optimize the heat exchanger design process have been proposed for a long time and the subject is still evolving. The suggested approaches mainly vary in the choice of the objective function, in the number and kind of sizing parameters utilized and in the numerical optimization method employed. In commercial software, heat exchanger cost function has been recently incorporated and cost minimization is performed by applying mainly gradient based methods. Depending upon the degree of non-linearity and initial guess, most of the traditional optimization techniques based on gradient methods have the possibility of getting trapped at local optimum. Hence, these traditional optimization techniques do not ensure global optimum and also have limited applications. In the recent past, some expert systems based on natural phenomena (evolutionary computation) such as simulated annealing [2] and genetic algorithms [3, 4] have been developed to overcome this problem.
Chaudhuri et al. [1] used simulated annealing for the optimal design of heat exchangers and developed a command procedure, to run the HTRI design program coupled to the annealing algorithm, iteratively. They have compared the results of the SA program with a base case design and concluded that significant savings in the heat transfer area and hence the STHE cost can be obtained using SA. Manish et al. [5] used a genetic algorithm framework to solve this optimal problem of heat exchanger design along with SA and compared the performance of SA and GAs in solving this problem. They also presented GA strategies to improve the performance of the optimization framework. Recently, Caputo et al. [6] also used GA based optimization of heat exchanger design. Selbas et al. [7] used genetic algorithm for optimal design of STHEs, in which pressure drop was applied as a constraint for achieving optimal design parameters. All of the above researchers concluded that these algorithms result in considerable savings in computational time compared to an exhaustive search, and have an advantage over other methods in obtaining multiple solutions of the same quality, thus providing more flexibility to the designer. Fesanghary et al. [8] used global sensitivity analysis to identify the most influential geometrical parameters (like tube diameter, shell diameter, baffle spacing, etc.) that affect total cost of STHEs in order to reduce the size of optimization problem and carried out optimization by applying harmonic search. Recently, Patel and Rao [9] have applied particle swarm optimization technique to design lowest cost heat exchangers.
In view of the encouraging results found out by the above researchers, an attempt has been made in the present study to apply a strategy called simulated annealing (SA), to the optimal heat exchanger design problem. Simulated annealing (SA), a recent optimization technique, is an exceptionally simple evolution strategy that is significantly faster and robust at numerical optimization and is more likely to find a function's true global optimum. Simulated annealing (SA) algorithms that are members of the stochastic optimization formalisms have been used with a great success in solving problems involving very large search spaces. This optimization technique resembles the cooling process of molten metals through annealing. The cooling phenomenon is simulated by controlling a temperature like parameter introduced with the concept of the Boltzmann probability distribution. According to the Boltzmann probability distribution, a system in thermal equilibrium at a temperature T has its energy distributed probabilistically according to P(E) = = exp(-E/kT), where k is the Boltzmann constant. This expression suggests that a system at high temperature has almost uniform probability of being in a high energy state. Therefore, by controlling the temperature T and assuming that the search process follows the Boltzmann probability distribution, the convergence of an algorithm can be controlled. There are numerous papers in literature discussing application of SA in various problems. In a comprehensive study of SA, Johnson et al. [10] [11] [12] discuss the performance of SA on four problems: the travelling salesman problem (TSP), graph partitioning problem (GPP), graph coloring problem and number partitioning problem. In general, the performance of SA was mixed -in some problems, it outperformed the best known heuristics for these problems, and, in other cases, specialized heuristics performed better.
The main objective of this study is to explore the effectiveness of Simulated Annealing technique in the design optimization of STHEs from economic point of view. Ability of the SA based technique is demonstrated using different case studies and parametric analysis.
The second objective of the present study is to design the optimum heat exchanger, which would comply with tubular exchangers manufactures association (TEMA) standards and obey the industrial requirement of geometric, velocity and pressure drop constraints. Most of the optimum solutions (say tube diameter, tube length, baffle spacing, shell diameter, etc.) found in the literature are not available as per TEMA standard sizes and thus makes the fabrication of heat exchanger costly due to nonstandard sizes. Also, some practical design rules such as geometric constraints, velocity and pressure drop constraints are usually ignored in the algorithms present in the literature, which restrains the effective application of design solutions found. In spite of the new algorithmic developments applied to heat exchanger design in literature, the complexity of the task allows some criticism of the effectiveness of optimization procedures for real industrial problems [13] . In this context of the development of new design algorithms, this paper presents an optimization procedure integrated with practical design guidelines, aiming to provide a feasible alternative in an engineering point of view.
With the application of SA algorithm, it is found in the present study that multiple heat exchanger configurations are possible with practically same cost or with little cost difference. The lowest cost exchangers are not always performing best in actual shop floor. Maintainability, ease of cleaning of tubes and shells, less fouling tendency, less flow induced vibrations, less floor space requirement, compactness of design etc are some of the criteria which must be considered in industrial scenario. All these solutions are feasible and user has flexibility to choose any one of them based on his requirement and engineering judgment. This paper collects some practical guidelines from literature regarding how to choose the best exchangers among various alternatives.
THE OPTIMAL HEAT EXCHANGER DESIGN PROBLEM
The procedure for optimal heat exchanger design includes the following step:
a. Estimation of the exchanger heat transfer area based on the required duty and other design specifications assuming a set of design variable.
b. Evaluation of the capital investment, operating cost and the objective function.
c. Utilization of the optimization algorithm to select a new set of values for the design variables.
d. Iterations of the previous steps until a minimum of the objective function is found.
The entire process is schematized in Figure 1 .
User input. Following parameters are required as a user defined input to calculate the heat exchanger area:
1. Mass flow rate and inlet/outlet temperatures of shell side and tube side fluids.
2. Thermophysical properties of both fluids, e.g., density, viscosity, heat capacity, thermal conductivity.
3. Fouling resistances, R foul, shell and R foul, tube . Input optimization variables. The optimization variables, with values assigned iteratively by the optimization techniques (e.g. SA) are given in Table 1. Calculation sequence 1 . Assume overall heat transfer coefficient based on type of shell and tube side fluid.
2. Based on the actual values of the design specifications and on the current values of the optimization variables, the exchanger design routine determines the values of the shell side and tube side heat transfer coefficients, the overall exchanger area, the number of tubes, the shell diameter and tube side and shell side flow velocities, thus defining all constructive details of the exchanger satisfying the assigned thermal duty specifications.
3. Overall actual heat transfer coefficient is then calculated and compared with the assumed values of U. 4 . If the difference between assumed and actual values is within 0.5%, then algorithm goes to the next step. Otherwise it assigns new U assumed = U calc and iterates the step 2 until the U assumed and U calc values are within 0.5% agreement.
5. The computed values of flow velocities and the constructive details of the exchanger structure are then used to evaluate the cost objective function. The optimization algorithm, based on the value of the objective function, updates the trial values of the optimization variables which are then passed on to the design routine to define a new architecture of the heat exchanger. The process is iterated until a minimum of the objective function is found or a prescribed convergence criterion is met.
Heat exchanger design procedure
This section describes step by step calculation procedure to evaluate heat exchanger area, tube side and shell side pressure drop and total cost of heat exchanger. Equations (1) to (28) can be found from Kern [14] , Sinnot [15] , Caputo et al. [6] as well as Patel and Rao [9] .
The logarithmic mean temperature difference (LMTD) is determined by:
For sensible heat transfer, the heat transfer rate is given by: 
The correction factor, F, for the flow configuration involved is found as a function of dimensionless temperature ratio for most flow configurations of:
where the correction coefficient R is given by:
Efficiency P is given by:
Assuming the overall heat transfer coefficient U assumed , the heat exchanger surface S is computed by:
Tube side calculations. Number of tubes, N t , and tube bundle diameter, D b , are calculated as follows:
where K 1 and n 1 are coefficients that take values according to flow arrangement and number of passes as per table given by Sinnot [15] . Velocity through tubes is found by:
The Darcy friction factor f t is calculated as follows: 
According to flow regime, the tube side heat transfer coefficient (h t ) is computed from following correlation for Re t ≤ 10000:
and for Re t > 10000:
Shell side calculation
Clearance between tube bundle diameter and shell diameter is calculated from the figure given by Sinnot [15] for different head types as follows: Baffle spacing is calculated as:
Cross-sectional area normal to flow direction is determined by:
where P t is tube pitch and given by P t = 1.25 d 0 .
Flow velocity for shell side can be obtained from:
Reynolds number and Prandtl number for shell side can be calculated as: (22) where coefficient j h is calculated from the figure given by Sinnot [15] 
Compare and check the absolute error,%, between U assumed and U calc as per following:
If error is more than 0.5%, assume new U as U assumed = U calc and go back to Eq. (5) and recalculate everything until error reaches less than 0.5%.
When error is less than 0.5%, i.e., U assumed and U calc is very near to each other proceeding for further calculations as follows:
-Exchanger area:
The tube side pressure drop includes distributed pressure drops along the tube length and concentrated pressure losses in elbows and in the inlet and outlet nozzles:
The shell side pressure drop is given by:
where f s is given by:
where b 0 = 0.72 valid for Re s < 40000.
Objective function
Total cost C tot is taken as the objective function, which includes capital investment (C i ), energy cost (C e ), annual operating cost (C o ) and total discounted operating cost (C od ):
Adopting Hall's correlation, the capital investment (C i ) is computed as a function of the exchanger surface area: The total discounted operating cost related to pumping power to overcome friction losses is computed from the following equation:
where pumping power P is computed from:
Based on all above calculations, total cost is computed from Eq. (29) for case studies 1 and 2. The cost objective function is kept exactly same as case study by GA approach by Caputo et al. [6] to enable the performance comparison of SA approach and GA approach.
However, for case study 3 the authors did not use same cost function in their case studies. Some of the authors [16] use total annual cost slightly differently as follows: the total cost consists of five components: the capital cost of the exchanger, the capital costs for two pumps, and the operating (power) costs of the pumps. The expression for the total annual cost is of the form: 
where C exc , C pump,t and C pump,s are the capital costs for the exchanger, tube side and shell side pumps, respectively.
This new cost calculation is used in case study 3 to have a same basis for comparison of performance of SA approach and GA approach.
Constraints
Though the lowest cost exchanger is the main selection criterion for STHEs, this is not the only criterion for commercial plants. The concept of a good design involves aspects that cannot be easily described in a single economic objective function e.g. fouling suppression, maintenance ease, mechanical resistance, simplicity, flow distribution, potential tube vibration etc. These criteria, though subjective, have a profound effect on exchanger performance in commercial plants. These criteria are sometimes expressed as geometric and hydraulic and service constraints [17] .
Geometric constraints
The STHE candidate must respect a series of geometric constraints, involving the following rules: the ratio between tube length and shell diameter must be between 3 and 15, the ratio between baffle spacing and shell diameter must be between 0.2 and 1; the baffle spacing cannot be lower than 50 mm; the baffle spacing must obey the maximum unsupported span. These constraints can be represented by the following mathematical expressions:
Velocity constraints
These constraints represent fluid velocity limits in order to reduce fouling and erosion problems. The tube and shell side velocity must obey lower and upper bounds:
High velocities will give high heat transfer coefficients but also a high pressure drop. The velocity must be high enough to prevent any suspended solids settling, but not so high as to cause erosion. High velocities will reduce fouling. Plastic inserts are sometimesused to reduce erosion at the tube inlet. Typical design velocities are given below [15] . 
Service constraints
The hydraulic requirements of the service are represented by upper bounds on the pressure drop of both streams:
The values suggested below can be used as a general guide, and will normally give designs that are near the optimum. [15] . For the present case study following constraints were imposed:
The prerequisite of a good design is to choose the lowest cost exchanger with standard dimensions (as per TEMA standard) while obeying the above constraints. Attempt has been made in this work to apply SA optimization technique to design a lowest cost heat exchanger with TEMA dimensions and satisfying all of the above constraints.
However, the value of the constraints of pressure drop and velocity is dependent on the detailed design and very much problem specific. In this work, the values of constraints are selected as per general guidelines given by Sinnot [15] and the user is not restricted to adhere this value. The value of these constraints must be judiciously selected as they have a big impact on final solution and cost. In case the user does not have specific restriction on these values, the constraints should be kept as broad as possible. This will facilitate the lowest cost heat exchanger.
Handling the constraints
The original problem can be set as:
Minimize C tot (x) Subject to g i (x) ≥ 0 where i = 1, 2, m where x is the vector of optimization variables ( Table  1 ). The set of constraints g(x) corresponds to the inequalities given by Eqs. (37)-(43).
For implementation of the SA algorithm, we used a penalty function in the objective function, to provide the following objective function to be minimized [16] .
The penalty function accounts for the violation of the constraints such that:
where r i is a variable penalty coefficient for the i th constraint, r i varies according to the level of violation.
Simulated annealing: at a glance [22] What Is simulated annealing?
The simulated annealing method is based on the simulation of thermal annealing of critically heated solids. When a solid (metal) is brought into a molten state by heating it to a high temperature, the atoms in the molten metal move freely with respect to each other. However, the movements of atoms get restricted as the temperature is reduced. As the temperature reduces, the atoms tend to get ordered and finally form crystals having the minimum possible internal energy. The process of formation of crystals essentially depends on the cooling rate. When the temperature of the molten metal is reduced at a very fast rate, it may not be able to achieve the crystalline state; instead, it may attain a polycrystalline state having a higher energy state compared to that of the crystalline state. In engineering applications, rapid cooling may introduce defects inside the material. Thus, the temperature of the heated solid (molten metal) needs to be reduced at a slow and controlled rate to ensure proper solidification with a highly ordered crystalline state that corresponds to the lowest energy state (internal energy). This process of cooling at a slow rate is known as annealing.
Procedure [22] The simulated annealing method simulates the process of slow cooling of molten metal to achieve the minimum function value in a minimization problem. The cooling phenomenon of the molten metal is simulated by introducing a temperature-like parameter and controlling it using the concept of Boltzmann's probability distribution. The Boltzmann's probability distribution implies that the energy (E) of a system in thermal equilibrium at temperature T is distributed probabilistically according to the relation:
where P(E) denotes the probability of achieving the energy level E, and k is called the Boltzmann's constant. Equation (46) shows that at high temperatures the system has nearly a uniform probability of being at any energy state. However, at low temperatures, the system has a small probability of being at a highenergy state. This indicates that when the search process is assumed to follow Boltzmann's probability distribution, the convergence of the simulated annealing algorithm can be controlled by controlling the temperature T. The method of implementing the Boltzmann's probability distribution in simulated thermodynamic systems, suggested by Metropolis et al. [18] can also be used in the context of minimization of functions. In the case of function minimization, let the current design point (state) be X i , with the corresponding value of the objective function given by f i = = f(X i ). Similar to the energy state of a thermodynamic system, the energy E i at state X i is given by:
Then, according to the Metropolis criterion, the probability of the next design point (state) X i+1 depends on the difference in the energy state or function values at the two design points (states) given by:
The new state or design point X i+1 can be found using the Boltzmann's probability distribution:
The Boltzmann's constant serves as a scaling factor in simulated annealing and, as such, can be chosen as 1 for simplicity. Note that if ∆E ≤ 0, Eq. (49) gives P(E i+1 ) = 1 and hence the point X i+1 is always accepted. This is a logical choice in the context of minimization of a function because the function value at X i+1 , f i+1 , is better (smaller) than at X i , f i , and hence the design vector X i+1 must be accepted. On the other hand, when ∆E > 0, the function value f i+1 at X i+1 is worse (larger) than the one at X i . According to most conventional optimization procedures, the point X i+1 cannot be accepted as the next point in the iterative process. However, the probability of accepting the point X i+1 , in spite of its being worse than X i in terms of the objective function value, is finite (although it may be small) according to the Metropolis criterion.
Note that the probability of accepting the point X i+1 is not same in all situations. As can be seen from Eq. (50), this probability depends on the values of ∆E and T. If the temperature T is large, the probability will be high for design points X i+1 with larger function values (with larger values of ∆E = ∆f). Thus at high temperatures, even worse design points X i+1 are likely to be accepted because of larger probabilities. However, if the temperature T is small, the probability of accepting worse design points X i+1 (with larger values of ∆E = = ∆f) will be small. Thus as the temperature values get smaller (that is, as the process gets closer to the optimum solution), the design points X i+1 with larger function values compared to the one at X i are less likely to be accepted. 
Algorithm [22] The SA algorithm [22] can be summarized as follows. Start with an initial design vector X 1 (iteration number i = 1) and a high value of temperature T. Generate a new design point randomly in the vicinity of the current design point and find the difference in function values:
If f i+1 is smaller than f i (with a negative value of ∆f), accept the point X i+1 as the next design point. Otherwise, when ∆f is positive, accept the point X i+1
as the next design point only with a probability exp( / ) E kT −Δ . This means that if the value of a randomly generated number is larger than exp( / ) E kT −Δ , accept the point X i+1 ; otherwise, reject the point X i+1 .
This completes one iteration of the SA algorithm. If the point X i+1 is rejected, then the process of generating a new design point X i+1 randomly in the vicinity of the current design point, evaluating the corresponding objective function value f i+1 , and deciding to accept X i+1 as the new design point, based on the use of the Metropolis criterion, Eq. (50), is continued. To simulate the attainment of thermal equilibrium at every temperature, a predetermined number (n) of new points X i+1 are tested at any specific value of the temperature T. Once the number of new design points X i+1 tested at any temperature T exceeds the value of n, the temperature T is reduced by a pre-specified fractional value c (0 < c < 1) and the whole process is repeated. The procedure is assumed to have converged when the current value of temperature T is sufficiently small or when changes in the function values (∆f) are observed to be sufficiently small. The choices of the initial temperature T, the number of iterations n before reducing the temperature, and the temperature reduction factor c play important roles in the successful convergence of the SA algorithm. For example, if the initial temperature T is too large, it requires a larger number of temperature reductions for convergence. On the other hand, if the initial temperature is chosen to be too small, the search process may be incomplete in the sense that it might fail to thoroughly investigate the design space in locating the global minimum before convergence. The temperature reduction factor c has a similar effect. Too large a value of c (such as 0.8 or 0.9) requires too much computational effort for convergence. On the other hand, too small a value of c (such as 0.1 or 0.2) may result in a faster reduction in temperature that might not permit a thorough exploration of the design space for locating the global minimum solution. Similarly, a large value of the number of iterations n will help in achieving quasi equilibrium state at each temperature but will result in a larger computational effort.
A smaller value of n, on the other hand, might result either in a premature convergence or convergence to a local minimum (due to inadequate exploration of the design space for the global minimum). Unfortunately, no unique set of values is available for T, n, and c that will work well for every problem. As per recommendation of Rao [22] , the initial temperature T can be chosen as the average value of the objective function computed at a number of randomly selected points in the design space. The number of iterations n can be chosen between 50 and 100 based on the computing resources and the desired accuracy of solution. The temperature reduction factor c can be chosen between 0.4 and 0.6 for a reasonable temperature reduction strategy (also termed the cooling schedule). More complex cooling schedules, based on the expected mathematical convergence rates, have been used in the literature for the solution of complex practical optimization problems. In spite of all the research being done on SA algorithms, the choice of the initial temperature T, the number of iterations n at any specific temperature, and the temperature reduction factor (or cooling rate) c still remain an art and generally require a trial-and-error process to find suitable values for solving any particular type of optimization problems. The SA procedure is shown as a flowchart in Figure 2 [22] .
Features of the method
Some of the features of simulated annealing as found from literature [22] are as follows:
1. The quality of the final solution is not affected by the initial guesses, except that the computational effort may increase with worse starting designs.
2. Because of the discrete nature of the function and constraint evaluations, the convergence or transition characteristics are not affected by the continuity or differentiability of the functions.
3. For problems involving behavior constraints (in addition to lower and upper bounds on the design variables), an equivalent unconstrained function can be formulated as in the case of genetic algorithms. 
SA implementation
The objective function is the minimization of HE cost Obj(x) given in Eq. (44) and x is a solution string representing a design configuration.
The design variable x 1 takes 12 values for tube outer diameter in the range of 0.00635m to 0.0635m (corresponds to 0.25-2.5"; refer to Table 1 In the present study, the geometric constraints, velocity and pressure drop on the fluids exchanging heat is considered to be the feasibility constraint. For a given design configuration, whenever any of the above constraints exceeds the specified limit, a high value for the heat exchanger cost is returned through penalty(x) function (refer Eq. (44)) so that as an infeasible configuration it will be eliminated in the next iteration of the optimization routine. The total number of design combinations with these variables are 12×8×17×5×2×4×4 = 261120. This means that if an exhaustive search is to be performed it will take at the maximum 261120 function evaluations before arriving at the global minimum heat exchanger cost. So the strategy which takes few function evaluations is the best one. Considering minimization of heat exchanger cost as the objective function, simulated annealing technique is applied to find the optimum design configuration with geometry, velocity and pressure drop as the constraint.
The code was developed in a Matlab environment. The main steps of the approach are shown in Figures 1 and 2 .
Case studies
The effectiveness of the present approach using SA algorithm is assessed by analyzing three case studies.
Case 1: 4.34 MW duty, methanol-brackish water exchanger [15] .
Case 2: 1.44 MW duty, kerosene-crude oil exchanger [14] .
Case 3: 4.54 MW duty, oil-cooling water exchanger [19] .
The first two case studies were analyzed by Caputo et al. [6] using GA approach and taken from literature [15, 14] . The third case studies was analyzed by Ponce-Ortega et al. [16] using GA approach and taken from the literature [19] [20] [21] . The original design specifications, shown in Table 2 , are supplied as inputs to the described SA algorithm for each of the three cases. The resulting optimal exchanger architectures obtained by SA are compared with the results obtained by Caputo et al. [6] using GA approach and with original design solution given by Sinnot [15] and Kern [14] . In order to allow a consistent comparison, cost functions of first two approaches are computed as described (Eq. (29)--(33)). Also for the same reason, all the values related to cost are taken from the work of Caputo et al. [6] who tried all the case studies by GA approach.
In the SA approach upper and lower bounds for the optimization variables are given in Table 1 . All the values of discounted operating costs are computed with ny = 10 yr, annual discount rate (i) = 10%, energy cost (Ce) = 0.12 €/kW h and an annual amount of work hours H = 7000 hr/yr. Table 3 shows the optimized parameters of the case studies obtained using SA and comparison with the optimized parameters obtained by Caputo et al. [6] using GA approach, while Figure 3 shows the cost comparison of both the approaches for all the three case studies. From Table 3 it is clear that the proposed SA approach has ability to reduce the total cost [6, 16] . In commercial software (HTFS, HTRI), the heat exchanger cost function has been recently incurporated and cost minimization is performed by applying mainly gradient based methods. Heat exchanger solution domain with multiple constraints is very complex and can have several local minima. Depending upon the degree of non-linearity and initial guess, most of the traditional optimization techniques based on gradient methods have the possibility of getting trapped at local optimum. Hence, these traditional optimization techniques do not ensure global optimum and also have limited applications. As SA is a random algorithm, it has the advantage of not getting trapped in local optima and has greater possibility to reach the global minima of cost function. In this respect, using of SA algorithm is preferred over traditional optimization technique adopted in commercial software.
Case 1: 4.34 MW duty, methanol-brackish water exchanger
The original design as well as the design proposed by Caputo et al. [6] using GA approach assumed an exchanger with two tube side passages and one shell side passage. The input parameters for heat exchanger design are given in Table 2 and comparisons of final results by different algorithm are shown in Table 3 .
The following observations are made by comparing the optimum results of present approach and GA approach by Caputo et al. [6] . The total annual cost has reduced by 3.89% even the pumping costs (operating costs) has increased 66.3% with respect to GA approach considered by Caputo et al. [6] 15.8% reduction in surface area makes it possible to reduce heat exchanger capital investment by 12.19%. This was achieved by 44% more heat transfer co-efficient in tube side by using smaller diameter tube and higher velocity in tube side. There is no velocity constraints adopted in either GA approach [6] and literature case. However, tube side velocity has increase to 1 m/sec to satisfy the constraint in present approach. This higher velocity will help to prevent fouling inside the tube. This is one major difference between the present approach vs. earlier approaches. This comes as a cost of higher tube side pressure drop. However shell side pressure drop decrease by 11% by decreasing shell side velocity and using lesser number of baffles. As a net effect 66.3% increment in the annual pumping cost is observed in the present case. Another advantage of the present design that the final exchanger conform TEMA standard and satisfies all the geomet- ric, velocity and pressure drop constraints. In earlier GA approach [6] no such geometric, velocity and pressure drop constraints are imposed. These constraints are very much necessary in industrial scenario and ensure smooth functioning of heat exchanger in actual shop floor. Also in GA approach by Caputo et al. [6] the design variables (tube diameter, shell diameter etc.) are considered as continuous variable (as opposed to discrete variable which conforms TEMA standard considered in present case) and thus the final optimum solution may not conform TEMA standard. In this respect, the solutions obtained by present approach are much more preferable than that of GA approach. However, these limitations can be removed from GA approach by following the advanced constraints and corresponding modeling methodology adopted in the present approach.
It was reported by Caputo et al. [6] The original design as well as the design proposed by Caputo et al. [6] using GA approach assumed an exchanger with four tube side passages (with square pitch pattern) and one shell side passage. The same configuration is not retained in the present approach and number of tube passes and pitch pattern are kept as a free optimization variable. The input parameters for heat exchanger design are given in Table 2 and comparisons of final results by different algorithm are shown in Table 3 . It is observed that in this case higher tube side flow velocity increases the tube side heat transfer coefficient by 123%. A 13.69% increment in overall heat transfer coefficient is observed in the present case because of the combined increment in tube side and shell side heat transfer coefficient. As a result of high overall heat transfer coefficient, a reduction of 15.83% in heat exchanger area and reduction of 43% in heat exchanger length is observed compared to GA approach considered by Caputo et al. [6] . The capital investment is decreased by 7.94% and pumping cost also reduced by 11.62%. Reduction of tube passes from 4 to 2 and 43% reduction of tube length reduce the tube side pressure drop by 31.3%. However higher shell side velocity and lower diameter of shell makes the pressure drop of shell side more than calculated by GA. Overall 8.43% reduction in total annual cost is observed using this approach as compared to the GA approach considered by Caputo et al. [6] . To demonstrate the effectiveness of SA technique, one more case study is considered which was originally analyzed by Serna and Jimenez [19] , and later on improved by Ponce-Ortega et al. [16] using GA approach. The input parameters for heat exchanger design are given in Table 2 and comparisons of final results by different algorithm are shown in Table 3 . For comparison of the results, cost function (refer Eq (34)- (36)) and all the values related to cost taken from Ponce-Ortega et al. [16] 
Pump efficiency:
Plant operation (h/year):
Annualization factor (/year):
The design proposed by Ponce-Ortega et al. [16] using GA approach assumed an exchanger with four tube side passages (with square pitch pattern) and one shell side passage. The same configuration is not retained in the present approach and considers the tube side passes a free variable. Results show increment of tube side and shell side heat transfer coefficient (5.26% on tube side and 88.7% on shell side) resulted in 23.85% increment in overall heat transfer coefficient in the present approach. The higher overall heat transfer coefficient results in 19.52% reduction in heat exchanger area and 20.83% reduction in heat exchanger length in the present approach compared to GA approach. The capital investment is decreased by 3.69%. Less pressure drop in tube side (due to shorter tube length) and less pressure drop in shell side (due to less number of baffles) resulted in 66.45% reduction in pumping cost as compared to GA approach. In totality, the combined effect of capital investment and operating costs results in 11.16% reduction in the total cost/year in the present approach compared to GA approach considered by Ponce-Ortega et al. [16] .
Various alternatives of exchangers
The solution space of cost objective function with multiple constraints is very much complicated with multiple local minima. Cost wise these local minima may be very near to each other but geometrically represent complete different sets of exchangers. To assess these multiple local minima, the SA program was run 100 times with new starting guess every time. For case study 2, i.e., different sets of solutions vectors x is assumed in every run. Most of the times SA converged to global minima but sometimes it were found that it got stuck to local minima depending upon the complexity of solution space. All these feasible solutions were collected and solution within 5% of minimum cost is presented in Table 4 for case study 2. From this table, it is clear that multiple heat exchanger configuration is possible with practically same cost or with little cost difference. All these solutions are feasible and the user has flexibility to choose any one of them based on his requirement and engineering judgment. For example, some users have very less space available in his company, so they may choose the lowest length heat exchanger and fixed tube head, as they have no space available to use a pull through heat exchanger. Selecting the best exchanger design from Table 4 is a combination of science and arts. Decision of best exchanger selection for a particular service and industry is based on multiple criteria including costs. These criteria sometimes influence the best selection decision much more than the simple lowest cost criteria. Maintainability, ease of cleaning of tubes and shells, less fouling tendency, flow induced vibrations, less floor space requirement, compactness of design, etc., are some of these criteria which must be considered in an industrial scenario. The lowest cost exchangers are not always performing best in actual shop floor. These criteria though very influential for final selection of exchanger are often qualitative and difficult to express quantitatively. It requires designer experience, engineering judgment, customer requirements and normally very problem specific. Following section describes some of the criteria which can facilitate the user to select the best exchanger for his case studies. These criteria are collected from literatures and based on experience of designers. The final decision is dedicated to the user.
Practical design considerations to find the best exchanger
This section describes some of the practical design criteria to help the user to choose the best ex-changer from Table 4 . These guidelines are chosen from variety of literature [14, 15] . Some thumb rule is formulated to aid the user to choose the best among various alternatives.
Tubes
Tube diameter 
Tube-side passes
The fluid in the tube is usually directed to flow back and forth in a number of "passes" through groups of tubes arranged in parallel, to increase the length of the flow path. The number of passes is selected to give the required tube-side design velocity. Exchangers are built with from one to up to about sixteen tube passes. The tubes are arranged into the number of passes required by dividing up the exchanger headers (channels) with partition plates (pass partitions).
The number of tube passes depends on the available pressure drop.
Higher velocities in the tube result in higher heat transfer coefficients, at the expense of increased pressure drop. Therefore, if a higher pressure drop is acceptable, it is desirable to have fewer but longer tubes (reduced flow area and increased flow length).
Long tubes are accommodated in a short shell exchanger by multiple tube passes.
The number of tube passes in a shell generally range from 1 to 16.
The standard design has one, two, or four tube passes.
An odd number of passes is uncommon and may result in mechanical and thermal problems in fabrication and operation.
Thumb rule 3. Select the number of tubes per tube side pass to give optimum velocity 3-5 ft/s (0.9-1.52 m/s) for liquids and reasonable gas velocities are 50-100 ft/s (15-30 m/s) .If the velocity cannot be achieved in a single pass consider increasing the number of passes. Less number of tube passes is preferable as it will make the fabrication simple. Tube arrangements
The tubes in an exchanger are usually arranged in an equilateral triangular, square, or rotated square pattern. The triangular and rotated square patterns give higher heat-transfer rates, but at the expense of a higher pressure drop than the square pattern. A square, or rotated square arrangement, is used for heavily fouling fluids, where it is necessary to mechanically clean the outside of the tubes.
Triangular pattern provides a more robust tube sheet construction. Square pattern simplifies cleaning and has a lower shell side pressure drop.
For the identical tube pitch and flow rates, the tube layouts in decreasing order of shell-side heat transfer coefficient and pressure drop are: 30, 45, 60 and 90°.
The 90° layout will have the lowest heat transfer coefficient and the lowest pressure drop. Tube pitch PT is chosen so that the pitch ratio is 1.25 < P t /d 0 < 1.5.
When the tubes are too close to each other (P t /d o less than 1.25), the header plate (tube sheet) becomes too weak for proper rolling of the tubes and cause leaky joints.
Tube layout and tube locations are standardized for industrial heat exchangers.
However, these are general rules of thumb and can be "violated" for custom heat exchanger designs.
Thumb rule 5. Prefer to use P t /d 0 = 1.25 unless otherwise specified.
Head type
The simplest and cheapest type of shell and tube exchanger is the fixed tube sheet design. The main disadvantages of this type are that the tube bundle cannot be removed for cleaning and there is no provision for differential expansion of the shell and tubes. As the shell and tubes will be at different temperatures, and may be of different materials, the differential expansion can be considerable and the use of this type is limited to temperature differences up to about 80 °C. In the other types, only one end of the tubes is fixed and the bundle can expand freely.
The U-tube (U-bundle) type requires only one tube sheet and is cheaper than the floating-head types; but is limited in use to relatively clean fluids as the tubes and bundle are difficult to clean. It is also more difficult to replace a tube in this type.
Exchangers with an internal floating head are more versatile than fixed head and U-tube exchangers. They are suitable for high-temperature differentials and, as the tubes can be rodded from end to end and the bundle removed, are easier to clean and can be used for fouling liquids. A disadvantage of the pullthrough design is that the clearance between the outermost tubes in the bundle and the shell must be made greater than in the fixed and U-tube designs to accommodate the floating head flange, allowing fluid to bypass the tubes. The clamp ring (split flange design) is used to reduce the clearance needed. There will always be a danger of leakage occurring from the internal flanges in these floating head designs. In the external floating head designs the floating-head joint is located outside the shell, and the shell sealed with a sliding gland joint employing a stuffing box. Because of the danger of leaks through the gland, the shell-side pressure in this type is usually limited to about 20 bar, and flammable or toxic materials should not be used on the shell side.
Thumb rule 6. Preferably use fixed head type.
Shells
The British standard BS 3274 covers exchangers from 6 in. (150 mm) to 42 in. (1067 mm) diameter; and the TEMA standards, exchangers up to 60 in. (1520 mm). Up to about 24 in. (610 mm) shells are normally constructed from standard, close tolerance, pipe; above 24 in. (610 mm) they are rolled from plate. The shell diameter must be selected to give as close a fit to the tube bundle as is practical; to reduce bypassing round the outside of the bundle.
The design process is to fit the number of tubes into a suitable shell to achieve the desired shell side velocity 4 ft/s (1.219 m/s) subject to pressure drop constraints. Most efficient conditions for heat transfer are to have the maximum number of tubes possible in the shell to maximize turbulence.
Preferred tube length to shell diameter ratio is in the range 5 to 10.
Using the maximum number of tubes, subject to adequate provision for inlet nozzle, for a given shell size will ensure optimum shell side heat transfer in minimizing tube bundle bypassing. The heat transfer area required design margin is then achieved by adjusting the tube length subject to economic considerations. On low cost tube materials it may be more economical to use standard lengths and accept the increased design margin. It is a common practice to reduce the number of tubes to below the maximum allowed particularly with expensive tube material. In these situations the mechanical design must ensure suitable provision of rods, bar baffles, spacers, baffles to minimize bypassing and to ensure mechanical strength.
Thumb rule 7. Preferably use shell diameter to obey the constraints tube length to shell diameter ratio is in the range 5 to 10. The smaller, the better.
Baffles
Baffles are used in the shell to direct the fluid stream across the tubes, to increase the fluid velocity and so improve the rate of transfer. The most commonly used type of baffle is the single segmental baffle.
Baffles serve two functions: support the tubes for structural rigidity, preventing tube vibration and sagging and divert the flow across the bundle to obtain a higher heat transfer coefficient.
Baffle cut
The term "baffle cut" is used to specify the dimensions of a segmental baffle. The baffle cut is the height of the segment removed to form the baffle, expressed as a percentage of the baffle disc diameter. Baffle cuts from 15 to 45% are used. The upper limit ensures every pair of baffles will support each tube. Generally, a baffle cut of 20 to 25% will be the optimum, giving good heat-transfer rates, without excessive drop. There will be some leakage of fluid round the baffle as a clearance must be allowed for assembly. The clearance needed will depend on the shell diameter. The minimum thickness to be used for baffles and support plates are given in the standards.
Thumb rule 8. Preferable use 25% baffle cut.
Baffle spacing
The baffle spacing used range from 0.2 to 1.0 shell diameters. A close baffle spacing will give higher heat transfer coefficients but at the expense of higher pressure drop. The optimum spacing will usually be between 0.3 to 0.5 times the shell diameter.
Minimum spacing (pitch). Segmental baffles normally should not be closer than 1/5 th of shell diameter (ID) or 50.8mm (2 in.) whichever is greater.
Maximum spacing (pitch). Spacing does not normally exceed the shell diameter.
Tube support plate spacing determined by mechanical considerations e.g. strength and vibration.
Maximum spacing is given by B = 74d 0 0.75 . Most failures occur when unsupported tube length greater than 80% TEMA maximum due to designer trying to limit shell side pressure drop.
Thumb rule 8. Preferably use baffle spacing from 0.2 to 1.0 shell diameters. The smaller the number of baffle, the easier is the construction.
Shell and tube fluid velocities
High velocities will give high heat transfer coefficients but also a high pressure drop. The velocity must be high enough to prevent any suspended solids settling, but not so high as to cause erosion. High velocities will reduce fouling. Typical design velocities are given in section 2.3.
Pressure drop
In many applications the pressure drop available to drive the fluids through the exchanger will be set by the process conditions, and the available pressure drop will vary from a few mbars in vacuum service to several bars in pressure systems. When the designer is free to select the pressure drop an economic analysis can be made to determine the exchanger design which gives the lowest operating costs, taking into consideration both capital and pumping costs. However, a full economic analysis will only be justified for very large, expensive, exchangers. Typical values for pressure drop constraints are given in section 2.3. When a high-pressure drop is utilized, care must be taken to ensure that the resulting high fluid velocity does not cause erosion or flow-induced tube vibration.
CONCLUSIONS
Heat exchanger design can be a complex task and advanced optimization tools are useful to identify the best and cheapest heat exchanger for a specific duty. The present study has demonstrated successful application of SA technique for the optimal design of STHE from economic point of view. The presented SA technique is simple in concept, few in parameters and easy for implementations. These features boost the applicability of the SA particularly in thermal system design, where the problems are usually complex and have a large number of variables and discontinuity in the objective function. Furthermore, the SA algorithm allows for rapid solutions of the design problems (as compare to exhaustive search of solution space by conventional design method) and enables to examine a number of alternative solutions of good quality, giving the designer more degrees of freedom in the final choice with respect to traditional methods. Important additional constraints, like geometric, velocity and pressure drop constraints, usually ignored in previous optimization schemes, are included in order to approximate the solution to the design practice. The solutions to case studies taken from literature show that cost of heat exchangers of previously reported designs can be improved through the use of the approach presented in this work. 
